SUMMARY. Human peripheral blood leukocytes, activated by phorbol myristate acetate, disrupt canine sarcoplasmic reticulum calcium transport, in vitro, by an oxygen-derived free radical mechanism. Activated leukocytes significantly depress Ca ++ uptake activity and Ca ++ -stimulated, Mg ++ -dependent ATPase activity. The depression is completely inhibited by sodium-azide (0.1 HIM) or the combination of superoxide dismutase (10 jig/ml) and catalase (10 jig/ml). Exogenous hydrogen peroxide (0.441-4.41 ITIM) uncoupled Ca ++ uptake activity from ATP hydrolysis, and this effect was inhibited by catalase. Mannitol alone did not inhibit the effects of activated leukocytes, but superoxide plus mannitol (20-100 ITIM) resulted in normal ATPase activity, while Ca" 1 " 1 " uptake remained depressed. In the presence of indomethacin and ibuprofen, activated leukocytes depressed Ca ++ uptake and had no effect on ATPase activity. 2-Arnino-methyl-4-fbutyl-6-iodophenol (MK-447) further depressed Ca" 1 "^ uptake and partially inhibited the effect on ATPase activity. Indomethacin plus catalase completely inhibited the effects of activated leukocytes on cardiac sarcoplasmic reticulum. We conclude, first, that activated leukocytes depress canine cardiac sarcoplasmic reticulum Ca ++ transport by an oxygen-free radical mechanism with the generation of hydrogen peroxide and hydroxyl radical. In addition to the classical membrane NADPH oxidase system, significant oxygen radical generation can occur through the cyclooxygenase pathway of arachidonic acid metabolism, and seems to be responsible for the generation of the hydroxyl radical. (Circ Res 53: 584-591, 1983) 
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Leukocytes activated during the inflammatory and immune process release cytotoxic products such as lysosomal hydrolases, neutral proteases, oxygenfree radicals, and the products of the arachidonic acid cascade. Further, Kuehl (1979) has presented evidence that the conversion of prostaglandin G 2 (PGG 2 ) to prostaglandin H 2 (PGH 2 ) is associated with the production of oxygen-free radicals. The oxygen-free radical system has been shown to participate in leukocytic destruction of bacteria, to act as a mediator of the inflammatory response in synovial tissue (Del Maestro, 1980) , and to mediate cytotoxicity in the rat model of inflammatory lung disease (Fantone and Ward, 1982) . These oxygenfree radicals* (superoxide anion, -O 2 ; hydrogen peroxide, H 2 O 2 ; and hydroxyl radical, -OH) are excellent candidates for mediating leukocyte-induced cardiac dysfunction.
Oxygen-free radicals have been shown to disrupt calcium transport by both cardiac and skeletal muscle sarcoplasmic reticulum (Hess et al., 1981a; Okabe et al., 1982) . Using a xanthine-xanthine oxidase system, these authors propose that the species of free radical generated is pH dependent and that both superoxide anion and hydroxyl radical depress calcium transport by sarcoplasmic reticulum. In addition, Okabe et al. (1982) propose that PGGz, but not PGH^ produces a similar injury pattern as seen with the xanthine oxidase system in skeletal muscle sarcoplasmic reticulum. Hess et al. (1981b) have described sarcoplasmic reticulum dysfunction during leukocyte-induced myocardial failure. Accordingly, we designed the following study in order to characterize the interaction between activated leukocytes and cardiac sarcoplasmic reticulum to ask the following specific questions: (1) Can activated leukocytes generate oxygen-free radicals which are capable of disrupting cardiac sarcoplasmic reticulum calcium transport and ATPase activity? (2) Can the oxygen-free radical or its metabolites be identified by well-characterized specific scavengers? (3) Does the arachidonic acid cascade of the leukocyte play a role in this system?
Methods

Leukocytic Isolation
Human peripheral leukocytes were isolated by the method of Manson and Hess (1983) . Thirty milliliters of blood from healthy volunteers were drawn into each of three heparinized 50-ml syringes. The syringes were gently inverted and placed in an upright position at room temperature for as long as necessary for red cell sedimentation, usually 2-3 hours. An 18-gauge hypodermic needle bent to a 60° angle was attached to each syringe. The plasma was ejected into centrifuge tubes and centrifuged at 170 g for 15 minutes. The supernatant was discarded, 5 ml of ice-cold water were added to the pellet, and the pellet was resuspended. After red cell lysis, 5 ml of 1.7% saline were added and the contents of the tube gently mixed by hand inversion. This suspension was centrifuged at 170 g for 15 minutes, the supernatant discarded, and the pellet resuspended to 104 mM KG, 18 mM imidazole, pH 7.0, plus 5% bovine serum albumin. A sample of the cell suspension was stained with Wright's stain for differential leukocyte determination, and cell concentration was determined using a Royco Instruments, Inc. Cell-Crit, #920-A.
Sarcoplasmic Reticulum (SR) Isolation
Canine sarcoplasmic reticulum was isolated according to the method of Hess et al. (1981c) . The free wall of the left ventricle was minced, mixed with 3 volumes of 10 MM imidazole, pH 7.0, and homogenized in a Sorvall omnimixer for 1 minute at top speed. The homogenate was centrifuged at 4080 g for 20 minutes; then the supernatant was poured through four layers of cheesecloth and saved. The pellet was resuspended in 3 volumes of 10 mM imidazole, pH 7.0, and centrifuged at 4080 g for 20 minutes. The supernatants were combined and then centrifuged at 10,400 g for 15 minutes. The pellet was discarded and the supernatant decanted through eight layers of cheesecloth. The filtered supernatant was centrifuged at 51,000 g for 1 hour. The supernatant was discarded and the pellets resuspended in 1.0 mM KG and 10 mM imidazole, pH 7.0, hand homogenized, and centrifuged at 198,000 g for 1 hour. The pellet was resuspended in 30% sucrose and 10 mM imidazole, ph 7.0. Protein concentration was determined by the method of Lowry et al. (1951) .
SR Calcium Transport
Oxalate-potentiated unidirectional calcium flux was measured by Millipore filtration technique (Hess et al., 1981c) . Standard incubation baths contained 104 ITLM KG, 10 mM imidazole, pH 7.0, 10 mM K-oxalate, and 0.15 mg/ ml SR protein at 37°C. Experimental baths included, in addition, either leukocytes (4 X 10' cells/ml), phorbol myristate acetate (PMA; Chemicals for Cancer Research, Inc.: 1 jig/ml) or hydrogen peroxide (0.441-4.41 mM) (Manson and Hess, 1983) . Free radical scavengers and cyclooxygenase pathway modifiers were added appropriately and the total mixture incubated for 10 minutes at 37°C. The reaction was started by the addition of 5 MgCl2, 5 mM ATP, 0.18 mM CaCl^ and 0.05 fiC\/ 45 CaG 2 (New England Nuclear). Aliquots were filtered at fixed time intervals through 0.45-j/m pore diameter Millipore filters. Samples of the filtrate were counted using a Beckman liquid scintillation system. Velocity of calcium uptake was expressed as specific activity (/zmol Ca ++ /mg per min).
SR Ca^-Stimulated, Mg^-Dependent ATPase Activity
The same media as described for calcium uptakes was used, omitting 45 Ca. Aliquots from the bath were added at fixed intervals to equal volumes of 10% trichloroacetic acid, vortexed, and placed on ice. These tubes were centrifuged at 170 g for 5 minutes. The pellet was discarded and samples of the filtrate analyzed for P| following the procedure of Penney (1976) . ATP hydrolysis associated with calcium uptake was calculated as the difference between ATPase activities determined in the presence and absence of 20 mM EGTA (ethyleneglycol-bis-(jS-aminoethylether)-N,JV'-tetraacetic acid) and expressed as a specific activity (/zmol P,/mg-min).
Generation of Free Radicals and the Use of Free Radical Scavengers
Oxygen-free radicals were generated by phorbol myristate acetate activation of leukocytes. Superoxide anion generation by this system was measured on a dual beam Aminco Spectrophotometer by monitoring the reduction of a 1 mg/ml solution of ferricytochrome c (type VI, Sigma Chemical) using the dual beam mode at wavelengths of 526 nm and 550 nm, and during a 10-minute incubation. The difference between the rates of reduction in the presence and absence of 10 Mg/ml superoxide dismutase (SOD Diagnostic Data, Inc.; 3000 U/mg) was taken as a conservative estimate of the rate of superoxide production. Molar extinction coefficients were those of Massey (1959) .
Superoxide anion radical generated by this system produces hydrogen peroxide (H 2 O 2 ) according to the dismutation reaction (McCord and Fridovich, 1969) :
This reaction can proceed spontaneously, or it can be catalyzed by superoxide dismutase. Hydrogen peroxide was scavenged with catalase (Sigma Chemical; 34,000 U/
Superoxide anion radical and H 2 O 2 can interact to generate the hydroxyl radical (• OH) according to the Haber-Weiss reaction or a Fenton reaction to result in (Beauchamp and Fridovich, 1970):
In vitro, the hydroxyl radical (-OH) can be scavenged by mannitol (McCord and Fridovich, 1973) at a concentration of 20-100 mM, a previously determined concentration (Hessetal., 1981a) .
Cyclooxygenase Pathway Modifiers
The metabolism of arachidonic acid (AA) through a fatty acid cyclooxygenase enzyme generates PGG 2 which is subsequently oxidized to PGH 2 . During the conversion 53, No. 5, November 1983 of PGG 2 to PGHj, oxygen radicals are generated that feed back to deactivate the cyclooxygenase enzyme (Kuehl et al., 1979) . MK-447 (2-amino-methyl-4-t-butyl-6-iodophenol) that scavenges oxygen free radicals, accelerates PGG 2 -• PGH 2 and causes an increase in PGEj, thromboxane A^ and prostacyclin (Kuehl et al., 1979) . Indomethacin and ibuprofen were utilized as classic cyclooxygenase inhibitors, preventing the metabolism of arachidonic acid (BlackweU et al., 1977) .
Statistical Analysis
Statistical analyses for significance were performed between groups using a one-way analysis of variance and Duncan's multiple range test, as suggested by Wallenstein et al. (1980) .
Results
Our method for isolating leukocytes resulted in a cell population of 79% polymorphonuclear leukocytes, 10% monocytes, and 11% lymphocytes. Using superoxide dismutase (SOD, 10 /ig/ml) inhibitable reduction of cytochrome c at 37°C, pH 7.0, this leukocyte system resulted in an initial rate of 82.3 nmol • O 2 "/liter per sec with an average rate after 5 minutes of 8.0 nmol • O 2~/ sec per liter. All leukocyte preparations were isolated on the day of the study, and viability was confirmed by trypan blue exclusion. Figure 1A presents the results of phorbol myristate . as - acetate (PMA) activation of our leukocyte population (4 X 10 6 cells/ml) on cardiac sarcoplasmic reticulum (SR) calcium uptake. Control calcium uptake rates after 10 minutes of preincubation at 37°C was 1.23 ± 0.05 //mol Ca ++ /mg-min, a value in good agreement with previous reported uptake rates at 37°C with no preincubation (Hess et al., 1981c) . PMA-activated leukocytes resulted in a 60% depression of calcium uptake rates. PMA alone, and nonactivated leukocytes, had no effect on calcium uptake rates. Sodium azide (0.1 ITIM) completely inhibited the effects of PMA-activated leukocytes (C = 1.23 ± 0.05; PMA + leukocytes + azide = 1.23 ± 0.02 /imol Ca ++ /mg per min; n = 4). In the presence of 10 Mg/ml of SOD, there was a small, statistically significant additional depression of calcium uptake rates. The inset portion of Figure 1A demonstrates this dose-response depression of calcium uptake rates in the presence of SOD between 5 and 50 /xg/ ml. In the presence of catalase (10 jtg/ml), there was significant inhibition of the effects of PMA-activated leukocytes, but this was still significantly depressed from control. Neither boiled catalase nor boiled SOD had any effects on PMA-activated leukocyte depression of cardiac SR. The presence of SOD and catalase, together, completely inhibited the effects of PMA-activated leukocytes on Ca ++ uptake. Figure  1B presents the calcium-stimulated, magnesium-dependent ATPase activity from the same group. PMA-activated leukocytes resulted in a 55% depression of ATPase activity. The addition of SOD alone or catalase alone resulted in a small but statistically significant inhibition of the effects of PMA-activated leukocytes on cardiac SR. In the presence of SOD + catalase, the effects of the PMA-activated leukocyte system were completely inhibited.
The preceding data would appear to incriminate either hydrogen peroxide or the hydroxyl radical as the disruptive species of leukocyte-derived oxygenfree radicals that interact with cardiac sarcoplasmic reticulum. To test this possibility, a hydrogen peroxide concentration-response study with and without catalase (10 /tg/ml) was performed. Table 1 presents the results of this study. Hydrogen peroxide significantly depressed calcium uptake by cardiac SR in a dose-response fashion in a concentration range between 0.441 ITIM and 44.1 ITIM. This depression was inhibited by catalase. In contrast to the activated leukocyte system, hydrogen peroxide had no effect on the calcium-stimulated, magnesiumdependent ATPase activity. The effect of mannitol, a known scavenger of the hydroxyl radical (McCord and Fridovich, 1973) in concentrations between 20 and 100 mM are presented in Table 2 . Mannitol alone had no effect on calcium uptake rates, but resulted in a small, but statistically significant inhibition of the PMA-activated leukocyte effect on SR ATPase activity. In combination with superoxide dismutase (10 fig/ml), there again was no effect on calcium uptake activity, but there was significant dose-response inhibition of the effect of PMA-activated leukocytes on the ATPase activity of cardiac SR.
We next asked if the cyclooxygenase system participates in the leukocyte generation of oxygen-free radicals and contributes to the depression of SR function. Figure 2 presents the results of PMA activated leukocytes on SR activity when incubated with the cyclooxygenase inhibitors indomethacin and ibuprofen (10 Mg/ml). Neither indomethacin nor ibuprofen alone had any effect on calcium uptake rates or ATPase activity. In the presence of PMAactivated leukocytes, both cyclooxygenase inhibitors resulted in a small significant increase in calcium uptake rates. There was a large significant increase in ATPase activity.
A more precise localization of this process was attempted with the compound MK-447. Figure 3 presents the results of this study. In the presence of PMA-activated leukocytes, MK-447 produced a further significant depression in calcium uptake rates. The depression of SR ATPase activity was significantly inhibited. Indomethacin inhibited the additional depression of SR calcium uptake induced by MK-447 and completely inhibited the effects of PMA-activated leukocytes, in the presence of MK-447 on ATPase activity.
The mechanism of MK-447 in our system was further analyzed by using SOD-inhibitable reduction of ferricytochrome c as a measure of superoxide production. Figure 4 presents these results. PMAactivated leukocytes produced 82.3 nmol -O 2~/ liter per sec which significantly increased (138 ± 15.8 nmol -O2~/liter per sec) in the presence of MK-447. The increase in superoxide anion production by PMA-activated leukocytes, in the presence of MK-447, was completely inhibited by indomethacin.
These data suggest that, in addition to the classical membrane NADPH oxidase system, PMA-activated leukocytes generate oxygen-free radicals by the metabolism of arachidonic acid through the cyclooxygenase pathway. Therefore, we hypothesized that a combination of catalase and a cyclooxygenase inhibitor would completely inhibit the effects of PMA activated leukocytes on calcium transport by cardiac sarcoplasmic reticulum. A test of this hypothesis is presented in Figure 5 . In this study, the combination of catalase and indomethacin completely inhibited the effects of PMA-activated leukocytes on cardiac SR calcium uptake.
Discussion
Our study demonstrates that phorbol myristate acetate (PMA)-activated leukocytes depress cardiac The experimental conditions and presentation of the data are the same as those reported in Figure 1A . Statistical significance was found at the P < 0.01 level in Figure 24 between the groups C-PMA, INDO, and IBPN. In Figure 4B , significance was found at the P < 0.01 level between the groups C-PMA.
sarcoplasmic reticulum (SR) calcium uptake rates and Ca ++ -stimulated, Mg ++ -dependent ATPase activity by the generation of reduced oxygen intermediates. The activated leukocyte system was com- pletely inhibited by sodium azide, which had no effect on either calcium uptake or ATPase activity. This control study effectively excludes any SR source of free radical generation. The generation of 82 ± 3 nmol -O 2~/ liter per sec (Fig. 4) is comparable to superoxide anion generation in other activated leukocyte systems (Fantone and Ward, 1982) . Finally, the activated leukocyte depression of cardiac sarcoplasmic reticulum is completely inhibited by the scavengers superoxide dismutase and catalase. Thus it appears quite clear that activated leukocytes generate reduced oxygen intermediates to the extracellular medium and that these reduced oxygen intermediates interact with cardiac sarcoplasmic reticulum. This leukocyte-induced depression of cardiac SR does not appear to be mediated by a single species of radical, but, rather, may involve several species. PMA-activated leukocytes depress both SR calcium uptake rates and ATPase activity. The further depression of calcium uptake in the presence of increasing concentrations of superoxide dismutase (SOD) and the demonstration that exogenous hydrogen peroxide (H2O2) uncouples calcium transport from ATP hydrolysis incriminates H2O2 as the reduced oxygen intermediate that is responsible for the depression of calcium uptake. The observation that SR calcium transport and ATPase activity are not completely inhibited by either SOD or catalase alone, but require the presence of both, could be due to leukocyte generation of both • O 2~ and H 2 O 2 or to the additional generation of the hydroxyl (OH) radical. The complete inhibition of the activated leukocyte depression of SR ATPase activity with SOD + mannitol suggests that the hydroxyl radical is responsible for the depression of the Ca ATPase enzyme activity. The ability of the activated leukocytes to produce the hydroxyl radical has previously been demonstrated by Tauber and Babior (1978) , and our study would tend to confirm their observation. One could postulate that the superoxide anion, per se, is not a destructive species in our system, but, rather, either H 2 O 2 , the dismutarion product of • O 2~, or the more lethal hydroxyl radical which is derived via subsequent reduction by a Fen ton reaction or Haber-Weiss reaction.
The source of this free radical production in PMAactivated leukocytes is also extended by this study. PMA has been incriminated as an activator of the NADPH system resulting in the generation of both the O 2~ and H 2 O 2 (DeChatelet et al., 1976; Babior et al., 1981) . However, in the presence of the cyclooxygenase inhibitors, the depression of SR ATPase activity is inhibited, whereas SR calcium uptake remains uncoupled from ATP hydrolysis identical to that observed in the exogenous hydrogen peroxide study. In addition, MK-447, a compound known to accelerate the conversion of PGG 2 to PGH 2/ inCTeases production of superoxide anion in PMAactivated leukocytes, which is inhibited by indomethacin. These data suggest that the cyclooxygenase system of the leukocyte is an active participant in the generation of oxygen-free radicals. This is in agreement with the work of Kuehl et al. (1979) who first described an oxidizing species (O x ) resulted from the conversion of PGG 2 to PGH 2 . Our results demonstrating a decrease in SR calcium uptake and partial protection of the SR Ca ++ -ATPase with MK-447 also adds credance to cyclooxygenase participation in the generation of free radicals. With the increase in O2~ generated from the conversion of PGG2 to PGH 2 , there would be an increase in H2O2 production (Eq. 1). The partial protection of the Ca ++ -ATPase agrees with the concept that the generation of the oxygen radical by the cyclooxygenase system acts as a negative feedback mechanism on cyclooxygenase, and suggests that MK-447 scavenges one of the oxidizing species, probably hydroxyl radical. Further, our data would agree with the work of Kontos et al. (1980) who incriminate •O 2~ and -OH in the cerebral vascular injury induced by PGG 2 but not PGH 2 , as well as with the work of Okabe et al. (1982) who, in an in vitro free radical generating system, also found that PGG 2 disrupted skeletal muscle sarcoplasmic reticulum calcium transport and was inhibited by scavengers of oxygen-free radicals. Thus we would suggest that, in PMA-activated leukocytes, activation of NADPH system results initially in the generation of the superoxide anion that dismutates to hydrogen peroxide which, in our system, is the destructive species responsible for the uncoupling of calcium transport from ATP hydrolysis, perhaps by lipid peroxidation and permeability changes or the phospholipid barrier. Further, PMA would appear to activate the arachidonic acid system with the initial generation of the superoxide anion and hydrogen peroxide. But, then, via a Fenton reaction (-O 2~ + H 2 O 2 ), the increase in superoxide anion and hydrogen peroxide production would result in the production of the hydroxyl radical. Our study, using catalase and indomethacin to completely inhibit the effects of PMA-activated leukocytes, would appear to support this hypothesis.
The sarcoplasmic reticulum of cardiac muscle could represent an important target organelle for leukocyte-generated oxygen free radicals. There is an abundant subsarcolemmal network of SR in cardiac muscle, and the SR has been shown to be capable of serving as both a source and a sink for calcium in the excitation-contraction coupling system (Fabiato and Fabiato, 1979) . The SR ATPase of cardiac muscle has been shown by Sadigursky et al. (1982) to share antigenic recognition with Trypanosoma cn:zi in the myocarditis of Chagas' disease. In the myocarditis of acute cardiac allograft rejection, Hess et al. (1981b) have identified significant depression of SR calcium transport and ATPase activity. In the acute myocarditis of congenital round heart disease in turkeys, Staley et al. (1981) have correlated leukocyte infiltration with a depressed SR calcium transport system. They were able to show a protective effect with broad spectrum immunosuppression using cyclophosphamide.
Our results would also appear to have a direct application to the acute inflammatory response following myocardial infarction and the use of nonsteroidal anti-inflammatory agents to modify infarct size. In canine myocardial infarction, McCluskey et al. (1982) , 72 hours post-infarction, demonstrated an acute inflammatory reaction in the area of the infarction and correlated this observation with an increase in arachidonic acid metabolites. They suggest that the enhanced ability of the post-infarction region to metabolize arachidonic acid may result from the inflammatory cell invasion or fibroblast activation which accompanies healing of myocardial infarction. Using the non-steroidal anti-inflammatory drug, ibuprofen, at 2 days post-myocardial infarction, Jugdutt et al. (1980) found that the protection which it afforded was not due to changes in collateral flow or myocardial oxygen demands, and suggested that cellular and metabolic effects might be important. In a similar canine model of myocardial infarction, Romson et al. (1982) found that ibuprofen reduced infarct size and suggested that it may exert its beneficial effect on ischemic myocardium by suppressing the inflammatory response associated with myocardial ischemia and infarction. Although ibuprofen has many suggested sites of action (Jugdutt et al., 1982) , our results demonstrating an inhibition of superoxide anion production by the activated leukocyte would appear to strongly support the contention of Romson et al. Thus it would appear that the leukocyte, the leukocyte cyclooxygenase system, and the oxygen-free radical system are assuming an important role in both ischemic and infiltrative myocardial disease.
